We present a search for single production of heavy vector-like quarks (VLQs), carried out by the CMS collaboration analyzing LHC pp collisions at 13 TeV. The vector like quark is a massive top quark partner that is searched for in a mass range between 0.7 and 1.7 TeV and a width between <1% and 30%. Single production can be dominant over pair production, depending on the mass of the new quark. The search is performed in a variety of final states including boosted topologies that can increase the sensitivity of the analysis.
Introduction
Vector-like quarks (VLQs) [1, 2, 3, 4, 5] are hypothetical new particles introduced to address some of the problems related to the nature of electroweak symmetry breaking. We study the single production of a vector-like T quark with charge +2/3 in its decay to a Z boson and a t quark [6] : the final state consists of the Z boson decaying to electrons or muons and the t quark decaying to quarks, i.e. t → Wb →b. The search is performed using the data collected by the CMS experiment [7] at 13 TeV. In Fig. 1 (left) , one of the LO Feynman diagram for the single production of a T quark is shown. From the diagram it is clear that the T quark is produced in association with either a b quark, denoted T(b), or a t quark, denoted T(t), and with an additional quark produced in the forward region of the detector. The T quark has three decay channels into SM particles: bW, tZ, and tH. The equivalence theorem implies that the branching fractions for the T quark into tZ is 0.25, in case the T is a singlet of the SM, or 0.5, it is a doublet. The T quark can have both left-handed (LH) and right-handed (RH) couplings to SM particles. Several T quark width hypotheses are studied: from negligibly small to larger widths (10, 20, and 30% of the T quark mass). The reconstructed T mass for the four different width hypotheses are shown in Fig. 1 (center) . 
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Event selection
The presence of a Z boson and of additional jets from the t quark decay results in a background largely dominated by Z/γ*+jets events (> 80%). Smaller contributions from other sources are still present (tt+V, tZq, tt, single t quark, and SM VV diboson production, where V represents a W or Z boson). The event selection requires the selection of events with two oppositely charged leptons (either muons or electrons) forming a Z boson with an invariant mass between 70 and 110 GeV. The t quark from the T quark decay is identified in three different ways: fully merged (a t jet is identified), partially merged (a W jet and a b 
jet are identified), or resolved (three AK4 jets are reconstructed). The experimental strategy consists in defining ten event categories, depending on how the Z boson or the t quark candidates are reconstructed and on the number of forward jets present in the event. The presence of a forward jet is an interesting feature of the signal under study and a comparison between background and signal for the number of forward jets is shown in Fig. 1 (right) . In addition to requiring a Z boson and a t quark in the event, other requirements are optimized to increase the sensitivity of the analysis. The final event selection is summarized in Table 1 .
Background estimate
The background estimate is primarily based on a control sample in data through the following formula:
• N cr (M t,Z ): number of events in the data sample in the control region
• α(M t,Z ): ratio of number of events in signal region to the ones in control region, from simulation
The control region from which the number of events is extrapolated into the signal region is defined by the full event selection, but applying a veto on the presence b tagged jets. A comparison between data and background estimate for the six categories with the highest sensitivity is shown in Fig. 2 .
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Systematic Uncertainties
The systematic uncertainties for the signal come from corrections that are applied to the simulation in order to match distributions in data. The uncertainty in the background estimate comes from five sources: statistical uncertainties of data and simulation in the control region, the small differences between observation and prediction for a closure test, the uncertainty related to possible mismodelling of the Z+light quark and Z+b quark fractions in simulation, and the uncertainty from the b tagging efficiency differences in data and simulation.
Results
As shown in Fig. 2 , no significant deviations from the expected background are observed. We set upper limits on the product of the cross section and branching fraction of a T quark decaying to tZ. In Fig. 3 , the observed and expected limits are shown in the negligibly small width, for the singlet LH T(b) (left) and doublet RH T(t) (center-left) production modes. Upper limits are compared with theoretical cross sections calculated at NLO in Ref. [4] . For this model, a singlet LH T quark is excluded at 95% CL for masses below 1.2 TeV. In the same Fig. 3 , the observed upper limits at 95% CL are shown as a function of the T quark width and T quark mass in the ranges from 10 to 30% and 0.8 to 1.6 TeV, respectively. A sensitivity similar to that obtained assuming a narrow-width T quark is observed. In this case the experimental results are compared with the theoretical cross sections calculated at LO using a modified version of the model constructed by the authors of [5, 8, 9] . For this model, the data exclude a singlet LH T quark produced in association with a b quark, for masses below values in the range 1.34 and 1.42 TeV depending on the width and a doublet RH T quark produced in association with a t quark is excluded for masses below values in the range 0.82 and 0.94 TeV. 
